The AP-1 and ATF/CREB families of eukaryotic transcription factors are dimeric DNA-binding proteins that contain the bZIP structural motif. The AP-1 and ATFICREB proteins are structurally related and recognize identical half-sites (TGAC), but they differ in their requirements for half-site spacing. AP-1 proteins such as yeast GCN4 preferentially bind to sequences with overlapping half-sites, whereas ATF/CREB proteins bind exclusively to sequences with adjacent half-sites. 
INTRODUCTION
bZIP DNA-binding domains consist of two structurally and functionally distinct subdomains, the leucine zipper and the basic region, that are connected by a short fork (1). The C-terminal leucine zipper forms a coiled coil that mediates dimerization (2) .
This dimer interface and the connecting fork symmetrically position a divergent pair of basic region a-helices, which pass through the major groove of each DNA half-site (3) (4) (5) . Upon binding to DNA, the previously unfolded basic region becomes a-helical (6) (7) (8) , such that five conserved amino acid residues are positioned to contact specific base pairs in the target sites (9, 10) .
Two important families ofeukaryotic transcriptional regulatory proteins, AP-1 and ATF/CREB, contain structurally related DNA-binding domains having the bZIP structural motif (Fig. 1 ). These families were initially defmed by their preferred recognition sequences, termed AP-1 and ATF/CREB sites. The optimal AP-1 recognition sequence, TGA(C/G)TCA, consists of overlapping half-sites, TGAC and TGAG, that are non-equivalent due to the asymmetry imposed by the central C:G base pair (11) (12) (13) . Biochemical and crystallographic analysis of a complex containing yeast GCN4 protein bound to the AP-1 site indicates that the optimal half-site is TGAC (9, 13) . High affinity ATF/CREB sites, TGACGTCAT, contain abutting TGAC half-sites that do not overlap at the central base pair. These observations suggest that AP-1 and ATF/CREB proteins recognize identical half-sites, but differ in their preferences for half-site spacing (13) .
By definition, AP-1 proteins prefer to bind AP-1 sites, but they also bind ATF/CREB sites with only slightly lower affinity (13, 14) . Crystal structures of GCN4 bound to AP-1 (9) and ATF/CREB (10) sites reveal that the protein-DNA contacts are virtually identical except for the interaction of the invariant arginine in the basic region of bZIP proteins (Arg243 in GCN4) with the central base pair(s). When bound to the inherently asymmetric AP-1 site, Arg243 from one monomer (the left as conventionally drawn) forms two hydrogen bonds to the guanine at the central base pair (position 0); Arg243 of the right monomer contacts phosphates on the central base pair and the adjacent residue on the opposite strand (9) . In contrast, GCN4 binds symmetrically to the ATF/CREB site with both Arg243 residues interacting with the equivalent guanine residues at the two central base pairs (10) .
The ability of GCN4 to bind AP-1 and ATF/CREB sites, along with other information (15) strongly suggests that this flexibility is due to both DNA bending and protein conformation (10) . The DNA in the GCN4-AP-1 site complex is straight (9), whereas it is bent by 200 towards the leucine zipper in the GCN4-ATF/CREB site complex (10 cognate sites have yet to be described, it is reasonable to suppose that the protein-DNA contacts will be identical to those in the GCN4-ATF/CREB site complex. The basic regions of AP-1 and ATF/CREB proteins are very similar, including the five residues directly contacting base pairs in the GCN4 crystal structures (9, 10) . Despite these similarities, however, ATF/CREB proteins bind very poorly to AP-1 sites (14, 17, 18) . Thus the different half-site spacing preferences of AP-1 and ATF/CREB proteins are likely to arise from the inability of ATF/CREB proteins to adapt to the overlapping half-sites in AP-1 target sequences.
The structural differences between AP-1 and ATF/CREB proteins that account for their distinct half-site spacing preferences are not understood. One consistent difference between these two classes of proteins occurs at a residue (247 in GCN4) in the fork between the leucine zipper and basic region (18) .
ATF/CREB proteins have a positively charged residue (nearly always lysine), whereas AP-1 proteins (with the apparent exception ofFos and its relatives; see below) typically do not (Fig.  1) . Previously, we showed that Lys247 and Arg247 derivatives of GCN4 have DNA-binding properties that are intermediate between AP-1 and ATF/CREB proteins; in comparison with GCN4, these proteins bind with reduced affinity to the AP-1 site but with comparable affinity to the ATF/CREB site (15) . Thus while the residue 247 can affect half-site spacing preferences, it does not fully account for the differences between AP-1 and ATF/CREB proteins. Moreover, the properties of the Lys247 and Arg247 derivatives of GCN4 suggest that there may be eukaryotic transcription factors that bind with a specificity intermediate between conventionally defined AP-1 and ATF/CREB proteins.
In this paper we investigate the distinctions between AP-1 and ATF/CREB proteins by determining the DNA-binding properties of mutant and hybrid proteins. Our results suggest that half-site spacing preferences reflect differences in positioning of the invariant arginine by a short region that spans the basic region and the fork. Further, they suggest that AP-1 proteins may represent a subclass of ATF/CREB proteins that can tolerate overlapping half-sites.
MATERIALS AND METHODS

DNA manipulaton
DNA molecules expressing full-length GCN4 and its derivative originate from YCp88-Sc4400, a centromeric vector with the ura3 selectable marker that utilizes the SP6 promoter for protein expression in vitro (19) . DNA molecules for expressing the isolated bZIP DNA-binding domains, GCNK58 and ATFlK60, derive from pGCNK58 (9) and pGEM3-ATFl (17), which utilize the T7 promoter for protein expression in vitro. Molecules encoding GCN4-ATF1 hybrid proteins were made by using oligonucleotides encoding the junction sequences as primers for PCR on the parental molecules containing the isolated bZIP domains. Molecules in which patches of GCN4 sequences were substituted by their ATFI counterparts were generated by using oligonucleotides converted to a clonable form by PCR or by mutually primed synthesis (20) . The resulting fragments were cloned between the PstI and AlwNI sites orAlwNI and XhoI sites (19) to generate full-length GCN4 derivatives. The DNA molecules that express a truncated version of Fos (150 residues) containing the entire bZIP domain and FosG (246 amino acids) have been described previously (21) . 
Figure 2. Structures of GCN4-ATFI hybrid proteins. The sequences for GCN4 and ATFI are shown in Figure 1 with the addition of conserved leucines in the zipper dimerization region. Shown above these sequences are ATF1-GCN4 chimeric proteins; shown below are GCN4 derivatives in which patches of ATFI are substituted. For each derivative white bars represent GCN4 residues, black bars represent ATFI residues and shaded bars represent conserved residues between GCN4 and ATFI (bottom part only). The relative DNA binding activity of these proteins on AP-I and ATFICREB sites is indicated as follows: ++, binds with affinity comparable to that of GCN4 and/or ATFI; +, binds with reduced affinity in comparison with GCN4 and/or ATFI; ±, binds very weakly; -, binding not detected.
reactions using appropriate pairs of the randomized oligonucleotide and their respective outside primers. After amplification the resulting fragments, which are complementary at their 3'-ends except for the randomized area, were mixed and a second PCR was performed. The resulting mixture of fragments was cleaved with Asp718 and EcoRI and cloned into YCp88-Sc4400.
DNA binding experiments GCN4 proteins were synthesized from the plasmid DNAs by transcription and translation in vitro using SP6 or T7 RNA polymerase and rabbit reticulocyte lysates. Equivalent amounts of 35S-labeled proteins, determined by SDS-PAGE, were incubated with the appropriate target sequences (2 nM) and the resulting complexes were electrophoretically separated in native acrylamide gels. The binding sites were obtained either as 98 bp NdeI fragments or 65 bp fragments generated by PCR (22) . The conditions for the DNA binding assay are such that the intensities of bands representing the protein-DNA complexes are roughly proportional to the binding constants (11, 19, 22, 23) .
RESULTS
Analysis of GCN4-ATF1 hybrid proteins To initially localize the region responsible for the half-site spacing distinction between AP-1 and ATF/CREB proteins, we generated a set of hybrid bZIP domains. N-Terminal portions of the human ATF1 were fused to C-terminal portions of yeast GCN4 at residues conserved between both proteins (Fig. 2) . The resulting proteins were synthesized in vitro and tested for their ability to bind AP-1 and ATF/CREB sites (Fig. 3) . Fig. 2 ) with DNA fragments containing ATF/CREB or AP-l target sequences. All proteins except GF-AL were generated as isolated bZIP domains.
Although the hybrid bZIP domains (and particularly GF-C) bind less avidly to the target sequences than either the ATFI or GCN4 bZIP domains, they display half-site specificity characteristic of AP-1 or ATF/CREB proteins. GF-A and GF-B bind very poorly to the AP-l site, indicating that the ATFI bZIP domain retains its half-site spacing preferences even when the leucine zipper and fork region are replaced by the corresponding segment of GCN4. Conversely, GF-D, which contains additional GCN4 residues from the central portion of the basic region, shows AP-1 specificity. As expected, a hybrid protein containing only three heptad repeats of the GCN4 leucine zipper (GF-AL) fails to bind DNA, presumably because it cannot dimerize (5, 24) . These results implicate residues in the basic region as playing an important role in half-site spacing preferences. However, our previous observation that the Arg247 and Lys247 derivatives of GCN4 show reduced binding to the AP-1 site but normal binding to the ATF/CREB site suggests that residues in the fork region are also important (15) . 2 ) with DNA fragments containing ATF/CREB or AP-1 sites. (A) Mobility differences reflect the fact that GCN4 and the various GF derivatives were synthesized as full-length proteins, whereas ATFI was synthesized as a 60 residue bZIP domain. Binding sites were 64 and 65 bp DNA fragments generated by PCR. (B) Proteins were synthesized as full-length derivatives. Mobility differences of the complexes arise because the AP-l site was a 98 bp NdeI fragment, whereas the ATF/CREB site was a 65 bp fragment generated by PCR. (C) Mobility differences reflect the fact that GCN4 and the various GF derivatives were synthesized as full-length proteins, whereas ATFI was synthesized as a 60 residue bZIP domain. Binding sites were 64 and 65 bp DNA fragments generated by PCR.
To map the distinctions between AP-1 and ATF/CREB proteins more precisely, we examined a set of hybrid bZIP domains in which short patches ofGCN4 were replaced by the corresponding regions of ATFI (Figs 2 and 4) . Residues 248-250 do not appear to play a significant role, because hybrid proteins GF-2-GF-5 behave similarly to GF-1. However, GCN4 can be converted to a protein with ATF/CREB specificity by replacing the region spanning residues 244-247 with the corresponding ATFI residues (GF-1 and the more extensively substituted derivatives GF-12 and GF-13). Further subdivision of this short region indicates that residues 244 and 247 are particularly important; GF-15, a GCN4 derivative containing only these two substitutions from ATFI, shows a clear preference for ATF/CREB sites over the AP-1 site. In contrast, GF-14 and GF-16 bind with comparable affmiity to the two target sequences, indicating that residues 241, 242 and 245 are not significantly involved in the discrimination of AP-1 and ATF/CREB sites. Residues 243 and 246 are conserved between GCN4 and ATFW and hence cannot be examined by the hybrid protein approach. Interestingly, the crucial residues identified by this approach, which correspond to 244 and 247 of GCN4, do not contact DNA in the GCN4 complexes with the AP-1 and ATF/CREB sites (9, 10) .
Mutational analysis of the invariant arginine (Arg243) in the GCN4 basic region
We carried out this analysis for two reasons. First, Arg243 is the only residue that contacts the central base pair(s) that distinguishes AP-1 and ATF/CREB sites and that interacts differentially in the GCN4-AP-1 and GCN4-ATF/CREB site complexes (9, 10) . Although this residue is invariant in bZIP proteins and hence cannot be the critical determinant that distinguishes AP-1 and ATF/CREB sites, it is likely to play an important role in half-site spacing. Secondly, bZIP proteins that bind exclusively to AP-1 sites have not been described and such derivatives would be useful for analyzing the physiological roles of AP-1 and ATF/CREB binding activities. We considered the possibility that mutations at Arg243 would be more deleterious for ATF/CREB binding activity than for AP-1 binding activity, because they would eliminate contacts to two bases of the ATF/CREB site but only to one base of the AP-I site.
Upon randomizing Arg243 of GCN4 we obtained 12 mutant proteins which contained substitutions ofMet, Lys, Phe, Ser, Asn, Gln, Leu, His, Asp, Cys, Val and Trp. As expected from the invariance of this arginine in bZIP proteins and the importance of the central base pair(s) in efficient binding (1 1), nearly all ofthese mutant proteins failed to bind either the AP-1 or ATF/CREB sites. Surprisingly, however, the His243 protein bound to the ATF/ CREB site but not the AP-1 site (Fig. 5) . The complex of the His243 protein with the ATF/CREB site appears to migrate more slowly than the corresponding complex with GCN4, suggesting an altered conformation of the protein-DNA complex. Thus, in contrast to our initial hypothesis, a mutation in Arg243 can convert GCN4 into a protein with ATF/CREB binding specificity.
Half-site spacing preferences of the Fos oncoprotein Fos was initially described, and is typically considered, as belonging to the AP-1 family, because Fos-Jun heterodimers display AP-1 binding specificity (25) . However, Fos was also identified in a search for ATF/CREB proteins (17) and it can form heterodimers with other ATF/CREB proteins that display ATF/ CREB specificity (26) . Moreover, at the residue corresponding to position 247 in GCN4, Fos contains a lysine, which is typical of ATF/CREB proteins (18) . Thus it is unclear whether Fos should be characterized as an AP-1 or ATF/CREB protein. This question is complicated by the fact that Fos cannot bind to DNA as a homodimer; hence, its apparent DNA binding properties might reflect the contributions of its heterodimeric partner. To circumvent this problem, we analyzed the DNA binding specificity of FosG, a hybrid containing the basic and fork regions of Fos and the GCN4 leucine zipper dimerization element (21) . As the leucine zipper does not affect DNA binding specificity (Fig. 3) , the specificity of FosG should define the inherent sequence recognition properties of Fos. As shown in Figure 6 , FosG binds to the AP-1 and ATF/CREB sites with equal affinity, indicating that Fos has DNA binding characteristics that are intermediate between those of canonical AP-1 and ATF/CREB proteins.
DISCUSSION
Determinants of half-site preferences in AP-1 and ATF/CREB proteins Our results indicate that the distinction between AP-1 and ATF/CREB proteins is due primarily to a short region corresponding to GCN4 residues 243-247. GCN4 can be converted to a protein with ATF/CREB specificity either by changing residues 244 and 247 to the corresponding amino acids from ATFI or by changing Arg243 to His. Conversely, the presence of ATFI residues at GCN4 positions C-terminal to 248 (GF-4) or at positions 241 and 242 (GF-16) does not significantly affect half-site spacing specificity. In addition, the similar properties of GF-1 and GF-14 suggest that residue 245 does not play a significant role.
Although residues 243,244 and 247 clearly play the major role, we cannot exclude the possibility that other residues might influence half-site preferences. First, most of the hybrid and mutant proteins bind with lower affinity to the AP-1 or ATF/CREB sites than the native GCN4 and ATFI bZIP domains. While this reduced affinity probably reflects a non-specific perturbation of the bZIP domains due to the chimeric junction, the possibility of altered DNA binding specificity cannot be excluded. Secondly, the GCN4 derivatives with ATF/CREB specificity (GF-and GF-15) show a residual level of AP-1 binding activity; thus additional residues are likely to be required to fully convert GCN4 into an ATF/CREB protein. Thirdly, with the exception of Arg243, which was specifically analyzed, our approach cannot assess the importance of residues conserved between GCN4 and ATFI. In this regard, Arg240 is of interest, because it lies on the same a-helical surface as residues 243, 244 and 247.
Structural interpretations of the mutant proteins
Comparison of the GCN4 co-crystal structures indicates that binding to the ATF/CREB site is accompanied by increased divergence of the basic region and increased curvature of the target DNA relative to that observed when GCN4 is bound to the AP-1 site (9, 10) . As a consequence, the GCN4 basic region is, in relative terms, closer to DNA in the ATF/CREB site than in the AP-1 site. This difference in positioning is likely to underlie the distinct half-site preferences of AP-1 and ATF/CREB proteins and it provides a plausible basis to account for the roles of residues 243, 244 and 247.
Arg243 directly contacts guanine residues at the central base pair(s) and adjacent phosphate(s) of the AP-1 and ATF/CREB sites and these contacts are the only interactions that differ in the respective GCN4 complexes (9, 10) . The ATF/CREB specificity of the His243 derivative of GCN4 is likely due to a direct interaction between the histidine residue and position ±0 of the target site. Consistent with this interpretation, all other substitutions tested at this position abolish binding to either site. (21) , binds these sequences with equal affinity. This intermediate specificity of FosG almost certainly represents the half-site preferences of Fos; it is unlikely to be an artifact ofthe hybrid protein because comparable fusions at the first leucine of the zipper dimerization region do not affect DNA-binding specificity (GF-A, Fig. 3; 3) . These intermediate half-site preferences nicely account for the ability of Fos to display conventional AP-1 or ATF/CREB specificity upon heterodimeric association with AP-1 or ATF/CREB family members (26) . Moreover, they suggest that Fos (and perhaps the related Fra-1, Fra-2 and FosB proteins, which also contain a positively charged residue at position 247; Fig. 1 ATF/CREB proteins appear to represent the functional ground state of the superfamily. First, all proteins of the superfamily recognize ATF/CREB sites, whereas only some of them bind AP-1 sites. Secondly, the half-site spacing specificity mutant proteins described here and elsewhere (15) retain normal activity on the ATF/CREB sequence, while losing the ability to bind the AP-1 site. Thirdly, we were unable to generate a protein that exclusively recognizes AP-1 sites by mutating Arg243 of GCN4, which recognizes the central base pair(s) of AP-l and ATF/CREB sites; in fact, the His243 derivative has ATF/CREB specificity. Fourthly, although metallo-bZIP domains containing the GCN4 basic region joined to stereochemically constrained metal ion complexes generally bind both AP-1 and ATF/CREB sites, one derivative strongly discriminates against the AP-1 site (27) . The selective inactivation of AP-l binding activity in these natural, mutated and artificial examples suggest that AP-1 proteins might represent a subclass of ATF/CREB proteins that tolerates overlapping half-sites.
There are two contrasting views of the evolutionary relationship between AP-1 and ATF/CREB proteins. As AP-1 proteins have the additional function of tolerating overlapping half-sites, it can be imagined that ATF/CREB proteins represent the original ancestor of the superfamily, from which AP-1 proteins subsequently evolved. Alternatively, it could be argued that AP-1 proteins are the original ancestor, because they are relatively more promiscuous in their DNA binding specificity and can be easily converted into proteins with ATF/CREB specificity. It is difficult to distinguish between these two views solely by functional criteria; a systematic evolutationary analysis of the superfamily might be informative.
